Introduction {#Sec1}
============

Pre-exposure prophylaxis (PrEP) is the use of antiretroviral (ARV) drugs to prevent human immunodeficiency virus (HIV) acquisition in HIV-negative individuals at high risk of acquiring the virus \[[@CR1]\]. It is an important adjunctive strategy to reduce HIV transmission in combination with condom use, counseling, and early diagnosis and treatment. It is recommended by the World Health Organization (WHO) for the prevention of HIV transmission in persons at substantial risk of developing HIV infection, as defined by incidence rates greater than or equal to 3 per 100 person-years \[[@CR1]\]. After the WHO published the initial guidance on PrEP use in July 2012, the United States (US) Food and Drug Administration (FDA) became the first agency to approve the drug combination tenofovir disoproxil fumarate-emtricitabine (Truvada^®^; TDF-FTC) for this indication \[[@CR2]\]. Subsequently, the US Public Health Service (USPHS) and Centers for Disease Control and Prevention (CDC) released the first comprehensive guideline in May 2014 \[[@CR3]\]. Several other countries, such as France, Canada, and South Africa, have also since approved Truvada^®^ for PrEP, as significant interest and research have mounted regarding this HIV prevention strategy \[[@CR4]\]. A brief summary of the major PrEP guidelines, including the most recent WHO update and European Acquired Immune Deficiency Syndrome (AIDS) Clinical Society recommendations, is provided in Table [1](#Tab1){ref-type="table"}.Table 1Summary of HIV PrEP guidelinesUSPHS/CDC \[[@CR3]\]EACS \[[@CR85]\]WHO \[[@CR1]\]Indications for PrEP based on risk group MSM or transgender women who have sex with menRecommended\
HIV-positive sexual partner\
Recent STI\
≥2 sexual partners\
Inconsistent or no condom use in a partner with unknown HIV status\
Commercial sex work\
MSM Risk Index ≥10Recommended\
Inconsistent condom use with casual sexual partners or HIV-positive partners not on treatment\
Recent STI, recent use of PEP, and chemsex may also be markers for increased HIV riskPopulations not further differentiated\
Consider PrEP for people at substantial risk of acquiring HIV; substantial risk defined as HIV incidence around 3 per 100 person-years or higher in the absence of PrEP, which has been identified in some groups of MSM, transgender women, and heterosexual men and women Heterosexual women and menRecommended\
HIV-positive sexual partner\
Recent STI\
≥ 2 sexual partners\
Inconsistent or no condom use in a partner with unknown HIV status\
Commercial sex work\
High-prevalence HIV area or networkMay be considered\
Inconsistent use of condoms and multiple sexual partners where some are likely to have HIV infection and are not on treatment Injection drug usersRecommended\
Injection drug use\
HIV-positive injecting partner\
Shared injection equipment\
Enrolled in a drug treatment program in the past 6 monthsNot addressedClinical eligibility for PrEP Recommended laboratory screeningNegative HIV test at baseline and every 3 months while on treatment with no signs or symptoms of acute HIV infection\
Normal renal function at baseline, the first 3 months, then every 6 months thereafter (≥60 ml/min)\
Documented HBV serologies and vaccination status\
STI testing at baseline and at least every 6 months unless high-risk behavior reported or symptomatic\
Pregnancy test at baseline and every 3 monthsNegative HIV test at baseline and every 3 months while on treatment\
Documented HBV serologies\
Assess renal function at baseline and throughout therapy\
Assess bone mineral density throughout therapyNegative HIV test at baseline and every 3 months while on treatment\
STI testing and management during treatment visits\
Rapid point-of-care third-generation antibody tests using whole blood preferred\
Assess renal function and serum creatinine at baseline and at least quarterly for the first 12 months (annually thereafter)\
HBV serologies preferredRecommended PrEP medication and dosing Tenofovir disoproxil fumarate 300 mg/emtricitabine 200 mg (Truvada^®^)One tablet by mouth once daily\
Continuous dosing\
No more than a 90-day supplyOne tablet by mouth once daily\
No more than a 90-day supply\
For MSM with high-risk sexual behavior, 'on-demand' dosing may be utilized\
On-demand dosing: double dose of TDF-FTC 2--24 h before each sexual intercourse, followed by two single doses of drug, 24 and 48 h after the first intake, not to exceed 7 tablets/weekNot specified; Refer to tenofovir-based regimen*CDC* Centers for Disease Control and Prevention, *USPHS* United States Public Health Service, *EACS* European AIDS Clinical Society, *HBV* hepatitis B virus, *MSM* men who have sex with men, *PEP* postexposure prophylaxis, *PrEP* preexposure prophylaxis, *STI* sexually transmitted infection, *TDF-FTC* tenofovir disoproxil fumarate/emtricitabine, *WHO* World Health Organization

Women represent a unique and important population to consider in the evolution of PrEP. As of 2015, the WHO and Joint United Nations Programme on HIV/AIDS (UNAIDS) estimate approximately 17.8 million women over the age of 15 are living with HIV across the globe \[[@CR5]\]. Females aged 15--24 years are twice as likely to be at risk of HIV infection compared with aged-matched male counterparts worldwide, a difference related to unsafe and unwanted sexual activity, and further enhanced by racial and geographical disparities. HIV/AIDS is also the leading cause of death worldwide in females aged 15--44 years \[[@CR6]\]. Reducing HIV infection rates in women of all ages and backgrounds is crucial for disease control. However, many social factors, such as distrust associated with condom use, lack of communication between men and women regarding sexual health issues, and overall poor perception of HIV vulnerability, significantly limit the ability of many women to practice safer sex \[[@CR7]\]. Unlike most other HIV prevention strategies, PrEP serves as a highly effective method that women can utilize without requiring negotiation, commitment, or consent from their partner(s). Despite such advantages, the overall utilization of PrEP by women remains low. This review summarizes important data relevant to the efficacy, safety, real-world application, and future of PrEP as it relates to the female population. From inception to April 2017, a comprehensive electronic search was conducted using PubMed, Embase, and MEDLINE to identify relevant studies for all elements of this review. Systematic reviews, meta-analyses, randomized controlled trials, and pharmacokinetic studies were specifically targeted. Reference lists of relevant articles were examined to identify further studies for inclusion. Focus was placed on trials published from 2016 to present. Abstracts and oral presentations from recent research proceedings were manually screened for appropriate content. Additionally, clinicaltrials.gov and the HIV Prevention Trials Network (HPTN) websites were searched for ongoing PrEP studies. This article is based on previously conducted studies and does not involve any new studies of human or animal subjects performed by any of the authors.

Female Representation in PrEP Literature and the Impact of Nonadherence {#Sec2}
=======================================================================

The USPHS/CDC recommend PrEP use in three targeted populations: men who have sex with men (MSM), heterosexual women and men, and people who inject drugs (PWID) who are at substantial risk of HIV acquisition \[[@CR3]\]. Interestingly, two of the pivotal trials to support PrEP implementation, the iPrEx study and the US MSM Safety Trial, only included men or transgender women who have sex with men \[[@CR8], [@CR9]\]. Of the five published trials summarized in the CDC guidelines that included women, the data were mixed.

The Partners PrEP trial studied heterosexual HIV-1 serodiscordant couples in Uganda and Kenya, whereby the seronegative partner was female in 38% of couples (*n* = 1785). Treatment arms included TDF-FTC and TDF alone versus placebo. Among women, efficacy was 71% with TDF (*p* = 0.002) and 66% with TDF-FTC (*p* = 0.005) compared to placebo. No significant difference in efficacy was identified between sexes. When corrected for adherence and tenofovir (TFV) plasma concentrations, 86% and 90% risk reductions were achieved in both men and women receiving TDF and TDF-FTC, respectively \[[@CR10]\]. The TDF2 study examined the use of daily TDF-FTC for PrEP among young adult heterosexual men and women in Botswana. Women accounted for 45.7% (*n* = 557) of the study population. Overall, PrEP resulted in a 63% reduction in the risk of HIV infection compared to placebo. However, seven infections occurred in women, translating to a non-significant risk reduction of only 49.4%. Although medication adherence, as measured by pill count and self-report, was generally high in the entire population, plasma drug monitoring demonstrated detectable TFV and FTC in 80% of subjects who did not seroconvert compared to only 50% of those who became infected \[[@CR11]\].

Other trials performed solely in females have magnified the impact of adherence on PrEP efficacy in this population. The randomized, double-blind, placebo-controlled FEM-PrEP trial evaluated PrEP in women aged 18--35 years in Kenya, South Africa, and Tanzania. The study was stopped early because of a lack of benefit of TDF-FTC. Incidence of HIV-1 acquisition in the TDF-FTC group (*n* = 1062) was 4.7 per 100 person-years (events = 33) compared to 5.0 per 100 person-years in the placebo group (*n* = 1058) (events = 35) (*p* = 0.81). Of the 27 subjects receiving TDF-FTC who acquired HIV, target TFV plasma levels were achieved in only 7, despite a 95% self-reported adherence \[[@CR12]\]. Similarly, the VOICE trial compared TDF alone, TDF-FTC, and a 1% tenofovir-containing vaginal microbicide gel versus placebo in 5029 women aged 18--45 years in South Africa, Uganda, and Zimbabwe. Both the TDF and gel groups were stopped early because of futility. Overall, 312 new seroconversions occurred, and no significant differences between any of the active treatment arms and their respective placebos were identified. Despite a 91% retention rate and high reported adherence, serum drug monitoring again demonstrated detectable TFV levels in less than half of the intended population \[[@CR13]\].

One hypothesis for the early disappointing findings was that efficacy may be reduced in higher risk populations. A subgroup analysis of the Partners PrEP study sought to evaluate this possibility \[[@CR14]\]. Subjects were identified using a risk-assessment tool based on factors such as number of children, unprotected sex, and plasma viral load of infected partner \[[@CR15]\]. Of the 4733 participants, 1780 were women. The incidence of HIV in women receiving placebo was 6.6 per 100 person-years compared to 1.9 in the TDF group (efficacy = 69%, *p* \< 0.04) and 2.4 in the TDF-FTC group (efficacy = 64%, *p* \< 0.05). Monthly clinic adherence was \>94% in all subgroups throughout the study with detectable TFV plasma concentrations in more than 70% of samples. This analysis demonstrated that in high-risk heterosexual women, oral PrEP with either TDF or TDF-FTC remained highly effective in preventing HIV when taken consistently; therefore, increased risk likely did not explain PrEP failure.

Lastly, the Bangkok Tenofovir Study evaluated the efficacy of TDF compared to placebo in preventing HIV-1 infections in male and female PWID. Approximately 20% of the study population were women (*n* = 489). Interestingly, this trial was associated with the highest rates of medication adherence (66%) by females, as evidenced by plasma drug concentrations. Efficacy in reducing HIV-1 acquisition was 78.6% in women \[[@CR16]\]. Engagement by this cohort of PWID was further supported when 61% of eligible participants for the observational, open-label extension trial chose to pursue PrEP \[[@CR17]\].

Overall, varying degrees of adherence reported throughout these studies have contributed to varying degrees of efficacy. Findings were confirmed by a recent meta-analysis comprising data from 18 PrEP studies including a pooled baseline population of 8714 women. An overall risk reduction of 70% was found in studies with high (\>70%) adherence, whereas no protective effect was found in studies with low (≤40%) adherence. In this meta-analysis, no significant difference in efficacy among sexes was found \[[@CR18]\]. The overarching message is that adherence is key and that engaging women in PrEP therapy may be particularly challenging.

Barriers to Appropriate PrEP Use {#Sec3}
================================

Health literacy as well as individual attitudes, values, preferences, and beliefs are all factors that may influence PrEP adherence, and thereby efficacy, among females \[[@CR19]\]. From a global perspective, these factors may vary widely depending on geography and culture. American subjects in Philadelphia were recently surveyed to identify such barriers \[[@CR20]\]. Participants underwent HIV testing in conjunction with interviews regarding attitudes toward PrEP and self-perceived infection risk. The cohort included a total of 2721 females; 64% were under the age of 35 and 90% self-identified as African American. A top reason cited by women for not using PrEP therapy was lack of perceived risk of acquisition. In fact, only 8.3% of females believed themselves to be at moderate or high risk of HIV infection compared to 56.8% of men. Interestingly, 9 of the 35 individuals who tested positive for HIV were females who did not perceive themselves to be at moderate or high risk. Four expressed disinterest in PrEP altogether. Overall, more men expressed openness to PrEP therapy than women (61.4% vs. 54.8%, respectively, *p* \< 0.0001). On the contrary, young females surveyed in South Africa and Kenya indicated strong interest in PrEP \[[@CR21]\]. Various secondary benefits were also cited by differing populations---female sex workers acknowledged they would feel safer in their practice, serodiscordant couples hoped that PrEP would invigorate their sex lives, and adolescent girls appreciated the privacy of personal use.

Survey-based studies of women in the US and Africa have also demonstrated that providing options regarding drug formulation improves openness to PrEP therapy \[[@CR20], [@CR22], [@CR23]\]. The attitudes of women towards PrEP have been documented much like those related to contraception: women are seeking a choice between different routes of medication administration and formulations that are suitable for their daily lives. Acceptance also depends upon patient experiences, perceptions of product attributes, and use requirements. As alluded to previously, these personal preferences must also be considered within the context of sexual relationships, communities, beliefs, and culture that change with time \[[@CR22]\]. In a follow-up study to the VOICE trial, 68 female participants engaged in in-depth interviews to explore PrEP preferences and reasons for nonadherence \[[@CR22]\]. The majority of women preferred long-acting injectable, implantable, or vaginal ring formulations compared to oral tablets, vaginal films, suppositories, or gels. Factors driving participant preference included ease of adherence and administration, social stigma, and partner input. From these data, it is evident that a spectrum of preferences and individualized barriers exists among women worldwide; thereby, providing greater options may enhance PrEP marketing and improve the public health approach to decreasing transmission.

In addition to intrinsic differences in perceived risk, cultural pressures, and personal preferences, other commonly cited barriers to PrEP are concerns over safety, side effects, effectiveness, and cost \[[@CR24]\]. A 2015 study by Auerbach and colleagues served to elucidate some of these barriers in a cross-sectional study of patients from an urban US clinic population \[[@CR25]\]. This study specifically targeted African American women, who are often underrepresented and at higher risk for the transmission of HIV. Of the 144 women who participated in this study, 92% were black, 53% were single, divorced, or separated, 52% were employed, and 47% had annual incomes between \$10,000 and \$40,000. Identified barriers included concerns about cost and side effects, mistrust of medical institutions, social stigma, novelty of the medication and related efficacy/safety concerns, and lack of stable housing situations. Participants also shed light on other factors that may deter daily PrEP use, including depression and low self-esteem. This study highlights the need for additional psychosocial support to ensure success of PrEP therapy in certain populations. Additionally, it demonstrates that concerns among women may vary based on socioeconomic factors and education level. Targeted interventions to provide education about HIV risk and the efficacy and safety of PrEP may encourage American women to seek out preventative treatment \[[@CR25]\]. A novel phenomenon that may shift female attitudes regarding PrEP is the concept of control over HIV acquisition. Unlike male condoms, the use of oral PrEP is now within the control of the woman, which may empower them to take advantage of this preventive strategy.

Truvada^®^ Pharmacotherapy: Considerations for the Female Patient {#Sec4}
=================================================================

Pharmacokinetics and Pharmacodynamics {#Sec5}
-------------------------------------

PrEP efficacy is thought to be correlated with sustained active drug presence in anogenital tissues and fluids, the likely sites of initial HIV exposure. Thus, distribution and elimination half-life are two major pharmacokinetic (PK) concerns related to drug selection. Sex may influence these parameters because of biological differences such as surface area and cell types between men and women. Various studies have assessed these PK parameters to evaluate whether they may explain variability in HIV prevention by PrEP. Patterson and colleagues studied the decay of TFV and FTC and their active metabolites in plasma, genital fluids, and genital mucosal tissues. Blood plasma concentrations of TFV and FTC were quantifiably detectable in 50% of patients up to 14 days after a single oral dose was administered to 15 healthy individuals, including 7 females \[[@CR26]\]. The terminal elimination half-lives for TDF and FTC were 47 and 49 h, respectively, calculated from 7 to 14 days using a sensitive assay. Although this finding would suggest inherently high HIV protection in the PrEP trials, tissue concentrations achieved in the female genital tract tell a different story. In the same study, rectal tissue concentrations of TFV and TFV diphosphate (DP) were found to be 100-fold higher than those of vaginal and cervical tissue. On the other hand, FTC concentrations were 10- to 15-fold higher in vaginal and cervical tissue than in rectal tissue. Differences in tissue penetration alludes to the idea that customary dosing regimens of TDF may not produce adequate concentrations in the female genital tract for the purposes of protection against acute HIV infection and may help explain variable PrEP efficacy by sex. Several other studies have concluded similar results, including an intensive 60-day PK study of daily TDF-FTC in both HIV-positive and seronegative adults (13 total females) \[[@CR27]--[@CR29]\]. The authors reported ten-time higher drug accumulation in rectal mononuclear cells compared to other cell types. This study also suggested that while minor differences in first dose kinetics may exist, TDF and FTC pharmacology appeared similar for both prevention and treatment \[[@CR29]\].

Some studies have attempted to link PK findings to dosing principles. Cottrell and colleagues utilized a model evaluating colorectal and genital mucosal concentrations of TFV, FTC, and their active metabolites in 47 healthy women \[[@CR30]\]. Colorectal concentrations of TFV-DP were again ten times higher than in the lower female genital tract. This model predicted that 6--7 doses per week would be required to provide protection against HIV in the lower female genital tract compared to 2 doses per week to provide colorectal tissue protection. It is important to note, however, that such PK analyses are limited by subject demographics, sample size, dosing regimens, in vitro and ex vivo methodologies and cannot clearly link results with actual HIV acquisition rates.

Other PK properties of ARVs that may affect PrEP efficacy have not been fully elucidated. It has been suggested that agents with low protein-binding capacity, such as FTC, attain higher tissue concentrations than those that are highly protein-bound (e.g., lopinavir) \[[@CR28]\]. Furthermore, the long plasma elimination half-lives of certain agents may contribute to the development of viral resistance, hindering the safety of these agents for prophylaxis \[[@CR31]\]. Future research should also focus on unexplored concepts such as the impact of inflammation or tissue damage on PrEP efficacy, the impact of ARV metabolites in curbing infection rates, and the ability of ARVs to permeate specific types of tissues (e.g., mucosal vs. lymphoid).

Safety {#Sec6}
------

The two most well-known toxicities of TDF include renal dysfunction and bone demineralization. While extensive data regarding the safety of TDF-FTC in the HIV-infected population exist, data specific to various populations of PrEP users may not be interchangeable. To this aim, a per-protocol safety analysis examining the changes in estimated glomerular filtration rates (eGFR) of participants in the Partners PrEP study was performed. TDF-based PrEP was associated with a small but significant decline in eGFR, which appeared by 4 weeks, remained stable to 12 months, and gradually weaned thereafter. The authors concluded that the non-progressive decline in eGFR was not associated with a substantial increase in the risk of clinically relevant eGFR decline. No differences in age or sex were seen \[[@CR32]\]. Renal and hepatic safety data of TDF-FTC from the FEM-PrEP trial were also separately evaluated. This analysis did not find a statistically significant difference in renal toxicity compared to placebo. Women randomized to TDF-FTC did have significantly higher rates of asymptomatic, mild to moderate elevations in AST and ALT, particularly in women with prior hepatitis B virus exposure. However, a definitive association could not be determined \[[@CR33]\].

Bone mineral density (BMD) data are sparser in the female versus male PrEP populations. BMD was assessed in a subset of participants from the TDF2 trial, which included 54 women receiving TDF-FTC and 60 women receiving placebo. T and z scores were significantly lower in the forearm, hip, and lumbar spine of the treatment groups, but no difference in fracture incidence occurred \[[@CR11]\]. Similar findings were observed in the male cohorts, as well as the data from the iPrEX trial and a US MSM subset study \[[@CR8], [@CR11], [@CR34]\]. BMD reductions were less pronounced in other placebo-controlled trials \[[@CR8], [@CR10], [@CR12]\]. As such, the CDC does not recommend routine screening prior to starting PrEP, though high-risk individuals may warrant testing. Fortunately, the overall safety data regarding drug toxicity remain promising. It is, however, prudent to caution that low adherence rates and limited study durations may reduce generalizability.

Beyond adverse drug reactions, safety related to emerging drug resistance has been a concern since the inception of PrEP. While a complete exploration of ARV resistance exceeds the scope of this review, studies do document identification of resistance mutations, often M184I/V or K65R, most commonly in subjects with unrecognized acute HIV infection at the time of study drug initiation \[[@CR3]\]. However, there have been isolated reports of resistance in subjects seroconverting on PrEP, even during confirmed drug adherence \[[@CR35]\]. To our knowledge, all cases have been in males. While thus far, resistance has been uncommon, the individual and public health impact of real-world use is unknown. Such findings emphasize the importance of close patient monitoring and continued investigation into ARV resistance.

Reproductive Considerations {#Sec7}
---------------------------

Minimizing the risk of HIV acquisition during times of desired conception is important. Traditional options for discordant couples include sperm washing, in vitro fertilization or intrauterine insemination, or treatment as prevention in the HIV positive partner \[[@CR36]\]. Accessibility and financial limitations can limit these strategies. PrEP is also now a viable alternative, despite that in most PrEP trials, therapy was stopped if pregnancy was detected. However, in a 2017 systematic review, Mofenson and colleagues examined the safety of TDF in both HIV-infected and uninfected women during pregnancy and lactation \[[@CR37]\]. Overall, the authors found no significant difference in pregnancy incidence or loss, preterm delivery less than 37 weeks, low birth weight (less than 2500 g), birth defects, or infant or maternal mortality between TDF and non-TDF regimens (zidovudine/single-dose nevirapine), including placebo. In trials of HIV-uninfected women specifically, there were no differences seen between women receiving TDF or placebo in terms of preterm delivery, low birth weight, birth defects, and neonatal/infant mortality at 12 months. Zero maternal deaths were reported in the studies of HBV-monoinfected women. Rates of both preterm delivery and low birth weight were lower in HIV-uninfected women compared with HIV-infected women. The authors concluded that the lack of TDF impact on maternal and infant safety outcomes suggests an overall net benefit of PrEP in high-risk women during pregnancy and lactation \[[@CR37]\].

Additional safety data for TDF-FTC use during lactation come from a study of five HIV-infected, breastfeeding mothers that found lower drug exposure from breast milk compared with exposure in utero \[[@CR38]\]. Similarly, in an open-label study of 50 HIV-uninfected African breastfeeding women given directly observed oral PrEP, infant plasma concentrations of TDF and FTC were 12,500-fold and 200-fold lower than what are expected from pediatric treatment doses for vertical HIV prophylaxis. The authors thereby concluded that PrEP can be safely used during breastfeeding \[[@CR39]\]. Overall, while findings are promising, the data are limited and the decision for PrEP use in pregnant or breastfeeding women should be made on an individual basis between the patient and healthcare provider.

Alternative PrEP Strategies and Future Directions {#Sec8}
=================================================

The ideal drug for PrEP is one that is safe, efficacious, achieves high concentrations in targeted tissues, maintains a high barrier to resistance, and is convenient in terms of dosing, cost, and accessibility \[[@CR40]\]. TDF-FTC fits this profile in several ways. However, given that the dual-nucleos(t)ide reverse transcriptase inhibitor (NRTI) combination is a cornerstone of most initial HIV treatment regimens, potential resistance is a significant concern. Furthermore, formulations beyond oral pills and less frequent dosing regimens are desirable as evidenced by aforementioned studies. Therefore, consideration of other ARV classes for the purpose of PrEP is warranted. Recent literature evaluating various other PrEP strategies is summarized below, with additional trial highlights in Table [2](#Tab2){ref-type="table"}.Table 2New agents and formulations from varying antiretroviral drug classes under studyMajor studiesAgentPopulationInterventionFormulationDosingEfficacy/safetyNRTI Massud et al. (2016) \[[@CR42]\]Tenofovir alafenamide (TAF)-emtricitabineMacaquesTAF-FTC or placeboOral pillEquivalent macaque dose to 25 mg daily*Efficacy* TAF-FTC prevents transmission of rectal SHIV to a degree similar to TDF-FTC\
*Safety* TAF-FTC had substantially reduced prodrug dose and lower systemic tenofovir exposure Gunawardana et al. (2015) \[[@CR43]\]Tenofovir alafenamide (TAF)-emtricitabineMale Beagle dogsTAF-FTCIntradermal implant0.92 mg daily*Efficacy* TAF-FTC showed sustained concentrations and protection against HIV-1 transmission at 40 days\
*Safety* No serious adverse events were noted throughout the 40-day period Schlesinger et al. (2016) \[[@CR44]\]Tenofovir alafenamide (TAF)-emtricitabine + PEG3000In vitro studiesTAF-FTCBiodegradable subcutaneous implant0.5--4.4 mg/day (depending on formulation)*Efficacy* Combination with PEG 3000 improves dissolution/solubility to reach target drug release rates\
Device demonstrated up to 90-day linear release of the TAF product\
*Safety* not applicable Hattori et al. (2009) \[[@CR86]\]4′-ethynyl-2-fluoro-2′-deoxyadenosine (EFdA)MiceEFdA or placeboLong-acting oral pill20 mg/kg*Efficacy* Preclinical models in humanized mice demonstrated efficacy in preventing oral and vaginal HIV-1 transmission\
Agent demonstrates high activity against multi-drug resistance variants\
*Safety* Low toxicity profileNNRTI Jackson et al. (2014) \[[@CR57]\]Rilpivirine (RPV)Healthy volunteers both male and female ages 18--50 (*N* = 66, 60 women, 6 men)RPVLong-acting IM injectable300, 600, or 1200 mg depending on gender and study group*Efficacy* Single and multiple-dose IM injections produce rapid and persistent plasma and genital tract concentrations for \>84 days in men and women\
Decreased concentrations in female genital tract/vaginal tissues required further investigation\
*Safety* Transient ADRs included injection site reactions and temporary nodule at site of injection Verloes et al. (2015) \[[@CR58]\]Healthy volunteers\
Phase 1: *N* = 11\
Phase 2: *N* = 8Phase 1: RPV\
Phase 2: RPV or placeboPhase 1: 300 mg or 600 mg\
Phase 2: 1200/600/600 mg every 4 weeks × 3 injections*Efficacy* Single and multiple-dose IM injections produce rapid and persistent plasma concentrations\
*Safety* ADRs included injection site reactions, musculoskeletal stiffness, and rash McGowan et al. (2016) \[[@CR59]\]Healthy volunteers ages 18 to 45 (*N* = 36, 24 women, 12 men)RPV600 mg or 1200 mg*Efficacy* Single and multiple-dose IM injections produce rapid and persistent plasma concentrations\
Concentrations in rectal tissues were two fold higher than in vaginal/cervical tissues which led to lack of viral suppression\
*Safety* Increased mild injection site reactions in rilpivirine group; no difference in serious ADRs HPTN 076 (ongoing trial) \[[@CR60]\]Ongoing study enrolling low-risk, sexually active women in South Africa, Zimbabwe, New York, New JerseyRPV or placebo1200 mg every 8 weeks × 6 injections*Efficacy* No efficacy data being collected; *Regarding Adherence* Most participants indicate improved ease of use and more than half endorse strong likelihood to use LA injectable PrEP\
*Safety* Preliminary results indicate no significant difference in ADRs between groups Baeten et al. (2016) \[[@CR66]\]DapivirineHealthy, sexually active women ages 18 to 45 years in Malawi, South Africa, Uganda, and Zimbabwe. (*N* = 2629)Dapirivine or placeboIntravaginal ring25 mg*Efficacy* The incidence of HIV-1 infection was 27% lower in the dapivirine group than in the placebo group\
*Safety* No difference in ADRs between the two groups Nel et al. (2016) \[[@CR67]\]Healthy, sexually active women ages18 to 45 years from South Africa and Uganda (*N* = 1959)*Efficacy* The incidence of HIV-1 infection was 31% lower in the dapivirine group than in the placebo group\
*Safety* No difference in cumulative ADRs; more serious adverse events reported in dapivirine group without no clear patterns. No ADRs assessed as product-relatedINSTI Spreen et al. (2014) \[[@CR72]\]CabotegravirHealthy volunteers (*N* = 8, 4 women, 4 men)Cabotegravir or placeboLong acting injectable100--800 mg IM or 100--400 mg SQ*Efficacy* Single injections produce persistent plasma concentrations with positive rectal and cervical concentrations up to 52 weeks after injection\
*Safety* Mild injection site reactions in cabotegravir group, no difference in major ADRs between the two groups Spreen et al. (2014) \[[@CR73]\]Healthy volunteers (*N* = 47)Cabotegravir ± rilpivirineOral pill followed by long acting injectionCabotegrevir:\
30 mg PO × 2 weeks\
800 mg IM followed by 200 mg SQ, 200 mg or 400 mg IM monthly × 3 doses or 800 mg IM 12 weeks after initial injection\
**±**Rilpivirine:\
1200 mg at 3 months and 600 mg or 900 mg at 4 months after first injection*Efficacy* Repeat cabotegravir injections ± rilpivirine produce persistent rapid and plasma concentrations; Demonstrate potential for dual therapy\
*Safety* Mild injection site reactions in cabotegravir group, no difference in major ADRs between the two groupsCCR5 antagonist Gulick et al. (2017) \[[@CR54]\]MaravirocAt-risk, HIV-uninfected men and transgender women who have sex with men (*N* = 406)MVC alone, MVC-FTC, MV-TDF, or TDF-FTCOral pill300 mg daily*Efficacy* Study not powered to detect efficacy\
*Safety* Rates of grade 2-4 adverse effects were similar among groups. MVC-containing regimens were safe and well tolerated compared with TDF-FTC*ADRs* adverse drug reactions, *CCR5* chemokine co-receptor type 5, *INSTI* integrase strand transfer inhibitor, *IM* intra-muscular, *NRTI* nucleoside reverse transcriptase inhibitors, *NNRTI* non-nucleoside reverse transcriptase inhibitors, *PO* by mouth, *RPV* rilpivirine, *SHIV* simian/human immunodeficiency virus, *SQ* subcutaneous, *TAF*-*FTC* tenofovir alafenamide/emtricitabine, *TDF-FTC* tenofovir disoproxil fumarate/emtricitabine

Nucleoside Reverse Transcriptase Inhibitors {#Sec9}
-------------------------------------------

Tenofovir alafenamide (TAF) is a prodrug of tenofovir that, unique to its predecessor TDF, is metabolized into the active compound tenofovir-diphosphate (TFV-DP) intracellularly rather than in blood \[[@CR41]\]. This results in higher tissue concentrations of active drug and lower plasma concentrations and is thus associated with an improved safety profile.

While the safety and efficacy of TAF in the treatment of HIV have been well established, TAF has not been as extensively studied as PrEP. Initially, oral TAF-FTC was investigated in macaques given repeated rectal challenges against simian-HIV (SHIV). While results suggested that rectal exposure to the active drug may be reduced, the combination was 100% efficacious (zero infections following 19 exposures) and was considered feasible for human PrEP \[[@CR42]\]. A long-acting, subdermal implant containing TAF has also been studied in dogs. A device delivering 0.92 mg daily of TAF produced sustained plasma levels of TAF and its active metabolite \[[@CR43]\]. Similarly, a tunable thin-film polymer device containing TAF has been developed as a biodegradable, subcutaneous implant device for PrEP \[[@CR44]\]. An initial in vitro study of the TAF-based device demonstrated that when co-formulated with PEG300 to increase dissolution and solubility, target drug release rates were achieved. Furthermore, by "tuning" the device's membrane thickness or surface area, the manufacturers are able to manipulate the duration or size of the implant without compromising release rates. These methodologies, with further study, could offer long-acting, user-independent delivery of TAF, which could be desirable for many PrEP users.

Recent TAF PrEP data in human subjects have highlighted an important point in that PK parameters suggesting efficacy of prophylactic regimens have not been fully validated. PK data from a study of eight healthy women following a single oral dose of TAF (25 mg) resulted in TFV-DP levels that were significantly lower in cervicovaginal fluid and genital/rectal tissues after TAF administration compared to levels expected with a 300 mg oral dose of TDF \[[@CR45]\]. In addition, 83% of tissues had undetectable levels of TFV-DP. Studies linking biological markers with PrEP efficacy must take precedence before firm conclusions can be drawn. Nonetheless, an ongoing phase 3 study of TAF-FTC versus TDF-FTC vs. dual placebo is underway in uninfected MSM and transgender women \[[@CR46]\].

Beyond TAF, a novel NRTI, 4′-ethynyl-2-fluoro-2′-deoxyadenosine (EFdA) has also been developed and identified as a potential (distant) future PrEP candidate. It has greater potency and a longer intracellular half-life compared to other approved NRTIs \[[@CR47]\]. It also displays activity against the K65R mutation, associated with TFV. Based on findings from a preclinical in vivo model in humanized mice, this agent was efficacious in preventing oral and vaginal HIV-1 transmission with a low toxicity profile, supporting further clinical development \[[@CR48]\].

Chemokine Co-Receptor Type 5 Antagonist {#Sec10}
---------------------------------------

Maraviroc (MVC), a chemokine co-receptor type 5 (CCR5) antagonist that impedes HIV entry into cells, is less commonly used in the treatment of HIV and is associated with low frequency viral resistance \[[@CR40]\]. It also concentrates in the female genital tract \[[@CR49]\]. It has been introduced in gel, ring, and oral formulations for PrEP. However, animal studies yielded mixed efficacy results, and in an ex vivo challenge in human rectal mucosa, it did not provide a protective effect against HIV \[[@CR50]--[@CR52]\]. Nonetheless, continued interest prompted studies examining MVC in combinations with TDF as an intravaginal ring in an ovine model, as well as oral formulations alone and in combinations with TDF and FTC in a phase 2 trial of MSM \[[@CR53], [@CR54]\]. In a recent prospective, randomized, double-blinded study involving uninfected females (*n* = 188) in the US, MVC was well tolerated, and no new HIV infections developed during the 48-week study period \[[@CR55]\]. Additional evidence on this agent will be garnered when results from the Novel Exploration of Therapeutics (NEXT) for Pre-Exposure Prophylaxis (PrEP) study of males and females in the US and Puerto Rico become available \[[@CR56]\].

Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) {#Sec11}
--------------------------------------------------------

Rilpivirine (RPV), a second-generation NNRTI, has been developed as a long-acting (LA) nanosuspension injectable (TMC278 LA). Single- and multiple-dose phase I studies performed in HIV-negative men and women demonstrated that intramuscular (IM) administration of RPV produced rapid and persistent plasma and genital tract concentrations \[[@CR57], [@CR58]\]. However, the phase 1 MWRI-01 study showed concerning results for women. In this study (*n* = 36; 24 women) participants were assigned to one of two RPV injections \[[@CR59]\]. Plasma levels, genital and rectal fluids, and tissue samples were tested for PK analysis. Investigators found the rectal tissue-to-plasma ratio was twofold higher than those of vaginal and cervical tissues. Likewise, sustained viral suppression was observed in rectal tissue but not cervical or vaginal tissue. The ongoing HPTN 076 is a phase 2 multi-site, double-blind study taking place in South Africa, Zimbabwe, and the US \[[@CR60], [@CR61]\]. Participants are randomized 2:1 to 1200 mg of RPV LA injections every 8 weeks (six total injections) or placebo for the assessment of safety and acceptability in low-risk, sexually active, HIV-uninfected women. Overall, 94% of the current study population is black, and the mean participant age is 31 years. Preliminary results demonstrate no statistical difference in observed adverse events between groups. In terms of acceptability, the majority (80%) of participants felt the injectable was easier to use, and 68% of women strongly agreed that they would definitely use an injectable form of PrEP in the future if available. Despite these favorable results, this study is not assessing efficacy. Due to the lack of efficacy evidence in tissue explant studies and storage feasibility related to the formulation\'s need for cold chain distribution and light protection, it is unclear whether RPV LA will progress to phase 3 PrEP trials \[[@CR59]\]. Additionally, although LA formulations are ideal for improvement of PrEP, concerns exist regarding difficulty managing side effects and possible development of resistance if acute infection occurs at the tail end of a dosing period \[[@CR62]\].

Dapivirine is an NNRTI initially developed as an oral ARV, yet was ultimately pursued as a microbicide \[[@CR63]\]. Microbicides permit discreet, female-controlled prevention of sexually transmitted infections (STIs) and represent another major advancement that has infiltrated the PrEP pipeline. Previously, focus was centered on tenofovir vaginal gel, as implemented in the VOICE trial, but results were disappointing \[[@CR13], [@CR64]\]. Attention has now turned to the dapivirine intravaginal ring, developed by the International Partnerships for Microbicides (IPM), using similar technology as various hormonal products \[[@CR65]\]. Vaginal rings are designed to be easily inserted by the female, fit comfortably in the vagina and produce sustained local microbicide delivery.

Two major phase 3 studies have demonstrated the ability of dapivirine to safely prevent HIV infection in over 4500 women in southern and eastern Africa \[[@CR66], [@CR67]\]. Both were randomized, double-blind, placebo-controlled trials utilizing a 25-mg dapivirine vaginal ring renewed once monthly in conjunction with counseling, support services, and free condoms. The ASPIRE trial included 2629 women aged 18--45 years (median 26 years) who were followed for a median of 1.6 years \[[@CR66]\]. Overall, 71 incidental HIV-1 infections occurred in the dapivirine group and 97 in the placebo group, equating to a 27% reduced HIV incidence. While significant, protection was lower than hypothesized. Results differed according to age, which was also correlated with adherence in post hoc analyses. Efficacy was 61% (95% CI 32--77, *p* \< 0.001) among women at least 25 years old and 10% (95% CI −41 to 43, *p* = 0.64) among women younger than 25 years. This highlights the challenges of HIV protection in young women. Notably, adverse events and STI rates were similar between groups.

The Ring study, led by Nel and colleagues, enrolled 1959 HIV-negative women aged 18--45 years \[[@CR67]\]. Seroconversion rates were 4.1 per 100 person-years in the dapivirine group (*n* = 1307) and 6.1 per 100 person-years in the placebo group (*n* = 652). The corresponding overall seroconversion rate was 31% lower in the dapivirine group compared to the placebo group (HR 0.69, 95% CI 0.49--0.99; *p* = 0.04). Plasma and used-ring drug monitoring indicated that most subjects adhered to therapy, although limitations in such measures of adherence were acknowledged. Overall adverse event rates were similar between groups, though the number of serious adverse events was higher in the dapivirine group (2.9% vs. 0.9%; *p* = 0.008). Patterns to suggest clinical significance of difference in adverse event rates between groups were not identified. Furthermore, no adverse event was thought to be due to the product itself. Future research related to safety and efficacy in pregnant females, concomitant use of contraceptives, and NNRTI resistance are on the horizon as presented at the 2017 Conference on Retroviruses and Opportunistic Infections \[[@CR68]--[@CR70]\].

Integrase Strand Transfer Inhibitors {#Sec12}
------------------------------------

The integrase strand transfer inhibitor (INSTI) class agent with the greatest forward progress for PrEP is cabotegravir, a new agent similar in structure to dolutegravir. Its long elimination half-life is promising for extended interval dosing, which may prove useful for PrEP as well as HIV maintenance therapy \[[@CR71]\]. Both oral and long-acting injectable formulations at various dose ranges and intervals have been explored. Early human PK studies demonstrated that single doses of cabotegravir (GSK1265744) with or without LA RPV produced therapeutic concentrations for ≥30 days \[[@CR72], [@CR73]\]. Positive results led to the initiation of two phase 2 clinical trials: the recently completed ECLAIR study in uninfected men and the ongoing HPTN077 trial in men and women \[[@CR71]\]. The HPTN077 trial is planning to enroll approximately 60% women aged 18--65 years at low-to-minimal risk of HIV infection in the US, South America, and sub-Saharan Africa \[[@CR74]\]. Additionally, a trial is underway that compares injectable cabotegravir to daily TDF-FTC for PrEP in HIV-uninfected MSM and transgender women who have sex with men, expected to be completed in 2020 \[[@CR75]\]. While the early data appear encouraging, greater exploration into the efficacy of cabotegravir in broader populations may offer more flexibility for patients seeking PrEP. Also of interest are the studies of this agent in combination with RPV for HIV treatment, allowing for NRTI and protease inhibitor sparing regimens \[[@CR73], [@CR76]\].

On-Demand PrEP {#Sec13}
--------------

Beyond recent research with new agents and formulations, another interesting concept is "on-demand" (or nondaily) PrEP. The IPERGAY trial assessed the efficacy of on-demand PrEP in high-risk uninfected MSM by administering TDF-FTC as a loading dose of two pills within two to 24 h prior to sexual activity, followed by a third pill 24 h after the loading dose, and a fourth pill 24 h later \[[@CR77]\]. The authors' hypothesized that adherence, and consequently efficacy, may be higher with this strategy. In the event of multiple consecutive sexual encounters, participants were instructed to continue taking one pill per day until their last sexual encounter and then two additional post-exposure pills. Two individuals developed HIV infection in the TDF-FTC arm, whereas 14 developed infections in the placebo arm (95% CI 40--98; *p* = 0.002). Although on-demand PrEP with TDF-FTC provided protection against HIV-1 in MSM, more data need to be collected to address the limitations of this small study. For example, the study participants took an average of 16 pills per month, which reflects a level of protection that is not akin to taking TDF-FTC for infrequent sex. Furthermore, evidence to support this practice in the female population is lacking, and in an aforementioned PK/pharmacodynamic modeling simulation, it was unfavorably estimated that women would require nine post-coital daily doses of TDF-FTC to match the efficacy in IPERGAY \[[@CR30]\].

Real-World Application {#Sec14}
======================

Data regarding the efficacy of PrEP in women beyond the arena of controlled trials are also more limited in comparison with males. The PROUD study was an open-label, randomized trial in sexual health clinics in England \[[@CR78]\]. In this all-male group, those offered immediate PrEP inferred a relative risk reduction of 86% (90% CI, *p* = 0.0001), corresponding to a total of 13 men needing to access PrEP for 1 year to prevent one HIV infection. In a study conducted by Kaiser Permanente from 2012 through 2015, 657 individuals (*n* = 653 MSM, *n* = 3 heterosexual women, and *n* = 1 transgender male) initiated PrEP with once daily TDF-FTC \[[@CR79]\]. The mean age was 37 years (range 20--68 years), and mean duration of use was 7.2 months. The authors observed 388 person-years of PrEP use with no HIV diagnoses during the follow-up period. This trial adds to previous literature supporting that when taken as prescribed, PrEP is very effective. However, additional published data in women would be ideal to understand the outcomes in true clinical practice.

The big-picture relevance of PrEP will also depend on its real-world uptake. In 2015, the CDC published an analysis that estimated 492,000 MSM, 115,000 PWID, and 624,000 heterosexuals (\~468,000 women) in the US alone were at substantial risk of HIV acquisition \[[@CR80]\]. Yet, in a retrospective claims analysis of commercially insured Americans aged at least 16 years from 2010 to 2014, the number of persons prescribed TDF-FTC for PrEP was 2564 in 2014, suggesting a national estimate of 9375 persons \[[@CR81]\]. Results stratified by gender indicated that while PrEP prevalence did increase in the female population from 1.2 per million in 2010 to 3.7 per million in 2014, both the incidence of use from year to year and the rise in prevalence were considerably lower than in the male population. Findings presented at the ASM Microbe 2016 Conference again highlighted disproportionate use among genders and a decreasing percentage of new female starts, particularly in black women \[[@CR82]\]. These findings stress the continued need for identifying at-risk females as well as barriers to implementation of and adherence to PrEP.

PrEP uptake from a global perspective is more difficult to map but perceived as suboptimal. One of the early promising signs came from the iPrEX OLE study, an open-label extension trial of three previously enrolled PrEP trials \[[@CR83]\]. In this study, a cohort of men and transgender women were made aware of their previous randomization assignment and then offered daily oral PrEP with TDF-FTC. Sixty-seven percent (1054 out of 1573 eligible patients) had indications for PrEP. From that group, 793 (75%) chose to use it. While the drug was provided at no cost, the study results suggested that removing barriers such as awareness, access, and provider experience led to high PrEP demand. A number of PrEP demonstration projects in Africa are planned or in progress, many of which include women. The results of these trials will be instrumental in more accurately characterizing PrEP uptake, including for special populations such as adolescent females and sex workers \[[@CR84]\].

Conclusion {#Sec15}
==========

PrEP is a valuable worldwide strategy to prevent HIV infection. Unique in the sense that it requires no partner compromise or approval, PrEP may empower women who may otherwise feel burdened by social stigma or partner pressure to better protect themselves from HIV. Current evidence supports the safety and efficacy of PrEP therapy in women when taken appropriately, which is optimized by concurrent condom use and routine healthcare follow-up. However, the literature also indicates that PrEP uptake is suboptimal and increased awareness and education are needed to overcome barriers to identifying HIV risk and successfully implementing PrEP in females. Expanding options in drugs and formulations will help to encourage greater uptake, as novel agents on the horizon provide hope for increased convenience and ease of use compared to the current standard of care. Finally, widespread access, offered as part of comprehensive HIV prevention services, must be planned for and pursued. Continued research to keep up with the implementation and future changes will be required. If such efforts can prevail, the value of PrEP will increase, serving as an important pillar in the multifaceted approach to end HIV.
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